DNA clones encoding the 3 mouse neurofilament (NF) genes have been isolated by cross-hybridization with a previously described NF-L cDNA probe from the rat. Screening of a 2gtl0 cDNA library prepared from mouse brain RNA led to the cloning of an NF-L cDNA of 2.0 kb that spans the entire coding region of 541 amino acids and of an NF-M cDNA that covers 219 amino acids from the internal a-helical region and the carboxy-terminal domains of the protein. These cDNA clones were used as probes to screen mouse genomic libraries, and cosmid clones containing both NF-L and NF-M sequences were isolated as well as overlapping cosmids containing the NF-H gene. This strongly suggests that the 3 neurofilament genes are organised in a cluster and derived by gene duplication of a common ancestral gene. RNA blot analyses using specific DNA probes for each of the genes indicate that NF mRNAs are differentially expressed during brain development. The NF-L and NF-M mRNAs are detected early in the embryonal brain, with a progressive increase in their levels during development, while the NF-H mRNA is barely detectable at embryonal stages and accumulates later in the postnatal brain.
INTRODUCTION
Intermediate filament (IF) genes are characterized by a cell-type specific expression during development. There are 5 classes of IFs; vimentin filaments in cells of mesenchymal origin, keratin filaments in epithelial cells, desmin in muscle cells, glial filaments in astrocytes and, finally, neurofilaments (NFs) in neurons (for review, see refs. 17, 27, 35) .
The different types of IF proteins share a common structural feature; a highly conserved domain rich in a-helices, flanked by amino and carboxy-terminal domains which are hypervariable in sequence and size 4"5"9"10"28"29"30"34 . Protein and DNA sequence data provide evidence that IF genes are derived from a common ancestral gene. In addition, comparison between the organization of 3 different types of IF genes, namely, vimentin, keratin and the glial filament genes, reveals a remarkable conservation of intron positions 1'13'18'23'2a'31.
The 3 NF proteins with apparent molecular weights of 68,000 (NF-L), 145,000 (NF-M) and 200,000 (NF-H) 12 on SDS gel electrophoresis, share a homologous a-helical domain with other types of IF proteins, but contain a long extension at their carboxy-terminals responsible for their difference in size6, 7,15.
The isolation of partial cDNA clones encoding the NF-L protein has been reported recently 16'2°. Using cross-hybridization between the different genes, we have isolated either genomic and/or cDNA clones for all the neurofilament genes.
We describe here the isolation and characterization of DNA clones encoding the 3 NF proteins. Specific NF DNA probes for each gene were used to detect NF-L, NF-M and NF-H mRNAs at different stages of the brain development.
MATERIALS AND METHODS

Cloning and sequencing of NF DNA clones
Double-stranded eDNA was synthesized from poly(A) + mRNA extracted from mouse brain as described ~6 and cloned into bacteriophage 2gtl0 using EcoRI linkers. The resulting eDNA library (about 5 x 10 5 plaques) was screened with an XhoI/Bglll eDNA probe encoding the rat NF-L protein ~6. The eDNA inserts from hybridizing clones were subcloned into either the bacteriophage M13mp8 or into plasmid pUC8 for further analysis. Sequencing was 
RNA blot analysis
Total RNA was prepared as described 22 from mouse brain at different stages of embryonal and postnatal development. The RNA samples were fractionated by electrophoresis on 1% agarose gels in the presence of formaldehyde, blotted and hybridized with the appropriate 32p-labelled DNA probes as described 16 . 
RESULTS
Cloning of a cDNA encoding the mouse NF-L protein
Cloning of a cDNA encoding the NF-M protein
Screening of the cDNA library at reduced stringency (final wash in 0.3 SSC 55 °C) with the NF-L cDNA probe yielded cross-hybridizing clones which encode the NF-M protein. The sequence of an NF-M cDNA insert of 650 bp is shown in Fig. 2 . The cDNA spans the a-helical region as well as part of the carboxy-terminal tail domain of the NF-M protein. The deduced amino acid sequence of the mouse NF-M shows an extensive homology (99%) with the reported porcine sequences 5. Southern blot analyses show a single strongly hybridizing fragment in several different restriction enzyme digests, which suggests the presence of a single NF-M gene (data not shown). In contrast to the NF-L cDNA, which detects a 2.5 and a 3.5 kb mRNA 16"2°, the NF-M probe detects a single mRNA of 3.0 kb in size on Northern blot analyses (Fig. 3) .
Isolation of genomic fragments encoding the NF-L, NF-M and NF-H genes
Using the NF-L and NF-M cDNA clones as probes, we screened two mouse genomic libraries cloned in the cosmid vector pLTC, a variant of pTCF s. Two cosmids from independent libraries hybridized strongly to the NF-L and NF-M cDNA's on Southern blots. Restriction mapping (see Fig. 4, top) showed that the entire NF-L gene was present adjacent to vector sequences at the 5' extremity of the cosmids. The NF-M gene is situated approximately 30 kb 3' from the NF-L gene at the 3' extremity of the cosmids, although part of the NF-M gene is not present since several restriction sites detected by Southern blots of genomic DNA are not present on the 3' end of the cosmid (not shown). The NF-M cDNA was subsequently used to screen a mouse genomic library cloned in the phage vector EMBL-3 and yielded a single clone corresponding to the NF-M gene. This recombinant overlaps with the cosmids at the 3' extremity, it has all the restriction sites (HinIII EcoRI) and presumably contains the entire NF-M gene.
Screening the genomic cosmid libraries at reduced stringency yielded 3 overlapping clones which generated restriction fragments that did not correspond to the fragments of the NF-L or the NF-M gene on Southern blots of total genomic DNA (not shown). Fig. 4 , bottom, shows a restriction map of these cosmid clones that were subsequently identified as containing the NF-H gene. The Xhol/BglIl fragment of 1.2 kb, illustrated by the heavy line, has been used as a hybridising probe on Northern blots and detects a brain specific mRNA of 4.5 kb (Fig. 3) . This RNA is therefore larger than any known NF of other IF mRNA encoding keratin, vimentin, desmin or the glial fibrillary acidic protein mw3°343~'.
The NF-L cDNA cross-hybridized with a 1.2 kb Xhol/Bglll fragment corresponding to a highly conserved region of IF proteins found in the end of the ahelical domains. In t" 
Developmental expression of neurofilament mRNAs
Northern blots of RNA obtained at different developmental stages of the embryonal and postnatal mouse brain were hybridized with specific NF DNA probes that were 32p-labelled at approximately the same specific activity. For hybridization we have used NF-L and NF-M eDNA probes of 300 bp and 660 bp, respectively, and a BgllI/XhoI NF-H probe
:SAqGA;£:~CT& ~TCAGr&GCTGGAC~GTG~GCTGAGAAACACrAAGTG~GAGATGGCTGCACAGCTCCGAGAGTACCAGGACCTG~TCAACGTCAAGATG -99
I~C(]CT6GACA rTGAGAFTGCCGCTTAI:AGG -129 (Fig. 4) . The autoradiographs in Fig. 6 reveal that the NF-L and NF-M transcripts are already detected in the brain of the embryo at 11 days of gestation. We did not investigate the expression of NF mRNAs at earlier stages of development because of technical difficulties in obtaining sufficient brain tissues for Northern blot analyses. There is a progressive increase of NF-L and NF-M mRNA levels during embryonal and early postnatal neuronal development, up to a level higher than that found in the adult ani- Total RNA from mouse brain at different stages (days) of embryonal (E) and postnatal (P) development was resolved on IC4 agarose gel and transferred to nitrocellulose. Each lane contains 10ug of total RNA with the exception of the adult (A) sample which contains 7/*g of RNA. The blots were hybridized to NF-L. NF-M and NF-H DNA probes of 300 bp, 650 bp and 1200 bp which were 32p-labelled at similar specific activities. The NF-L, NF-M and NF-H autoradiographs were exposed for 4 days, 6 h and 4 days, respectively, with an intensifying screen at-70 °C.
NF-
mal. In contrast to NF-L and NF-M, barely detectable amounts of the 4.5 kb NF-H mRNA are observed before birth. The NF-H mRNAs accumulate to a significant extent only in the postnatal brain. It is clear that all the NF mRNAs are expressed at lower levels in the adult brain when compared to the young postnatal brain, although it should be noted that the difference is exaggerated in Fig. 6 (7 ~g of mRNA in the adult RNA lane vs 10/~g in the others).
DISCUSSION
We report here the isolation of DNA clones encoding the 3 mouse NF proteins. The cloning of the NF-M and NF-H genes was based on cross-hybridization with an NF-L cDNA probe of the rat 16. The cDNA clones that were isolated for the NF-L and NF-M genes are not full length cDNAs, probably caused by incomplete first strand synthesis and/or cleavage by EcoRI prior to cloning in the 2gtl0 vector. This might also explain why we did not pick up any NF-H clones from the library; the NF-H mRNA will contain a large 3' tail region downstream from the a-helical region and consequently will not be picked up by the probe. To screen the genomic library we used an Xho/BgllI restriction fragment that does not cover the region containing the long purine tracts (nucleotides 1445-1655 in Fig. 1 ) to prevent hybridization to a repetitive element in the mouse genome 2°. A comparison at the nucleic acid sequence level between NF-L, NF-M and NF-H genes indicates that the nucleotides 1067-1232 in Fig. 1 encode the conserved consensus sequence of IF proteins that must be largely responsible for the observed cross-hybridizations. For instance, the consensus amino acid sequence region shown in Fig. 5 has (between NF-L, NF-M and NF-H) over 80% nucleotide sequence identity.
In general, homologies between IF proteins are entirely restricted to the ~x-helical regions, although type II cytokeratin proteins display certain common features of domain arrangement in their carboxytermini ~4. A comparison of the sequences in Figs. 1 and 2 reveals that the homologies between NF-L and NF-M proteins are not restricted only to the a-helical region, but extend also to the so-called hypervariable tail region. In both NF proteins, the tail region is characterized by repeats of glutamic acid residues encoded by long purine tracts, suggesting that the NF genes arose by duplication of a common ancestral NF gene. The highly charged tail region of NF proteins might represent functionally important domains related to cell-type specific functions. There is evidence that these regions form side-arms on the NF structure which interact with other neuronal components 6"11 '15 Expression of IF genes during embryonic development often correlates with the emergence of definitive cell types 17'27. The development blots in Fig. 5 show that the expression of NF genes is an early event in brain differentiation as NF-L and NF-M mRNA species are detected in the early embryonal brain at 11 days of gestation. The early appearance of NF mRNAs is in accordance with immunofluorescence data, using antibodies specific to NF proteins 2'3. These studies have shown that the initial appearance of NFs is concomitant with the initiation of axon extension in the postmitotic neurons 3, although the NF-M protein was reported to be transiently expressed in a subpopulation of replicating neuroepithelial cells in the chick z. Interestingly, NF mRNAs are not coordinately expressed during brain development. The NF-H mRNAs accumulate to a significant extent only in the postnatal brain in contrast to NF-L and NF-M mRNAs (Fig. 6) . These results are in accordance with the postnatal detection of the NF-H protein in the brain 33. However, there is a possibility of embryonal expression of NF-H mRNAs in some neurons since NF-H immunoreactivity has been reported at the embryonal stages 3. Whether the early and late mRNA accumulation is regulated by transcriptional controls, or, alternatively by preferential mRNA stabilization is not yet known.
In situ hybridization using a specific NF-L DNA probe has recently been used for distinct and rapid localization of NF-L mRNAs in neuronal cell bodies zl. The availability of specific NF DNA clones encoding the three NF proteins will allow these new approaches to be used to investigate NF gene expression of the developing brain.
